Abstract-This research used orthogonal testing methods to study the effect of stimulator content on the properties of carbide slag (CS) cementitious materials. Range and variance analyses reveal that different stimulators do not significantly affect the consistencies and setting times of these cementitious materials, but influenced considerably their flexural and compressive strengths; the influence decreases in the order: NaOH> CaCl2> Na2SO4> Na2SiO3. Further analyses show that the strengths of these cementitious materials increase with increasing NaOH content, and decrease with increasing CaCl2 content. When the mass ratio of Na2SO4: Na2SiO3: CaCl2: NaOH was 1: 1: 0: 5, the stimulators exhibited the best activating effect. X-ray diffraction (XRD) and Scanning electron microscope (SEM) analyses showed that the 28-day hydration products contain large amounts of ettringite (AFt), calcium silicate hydrate (C-S-H), calcium aluminate hydrate (C-A-H), and small amounts of unreacted Ca(OH)2 and quartz. These hydration products increased the strengths of these cementitious systems.
I. INTRODUCTION
Mining activities bring us resources, as well as geological hazards and environmental pollution, most prominently in the form of surface subsidence. Cement filling is an effective technique to avoid or reduce surface subsidence. Cementitious materials prepared from industrial waste, such fly ash (FA), are frequently used for this purpose. This filling method offers new ways of utilizing waste, and effectively promotes the sustainable development of the coal industry. Chen et al. [1] used FA as a feedstock for the development of a cementitious material that meets filling requirements, but the addition of cement clinker resulted in increased costs. Therefore, the key to the successful implementation of cemented filling is the identification of a high-quality and economical cementitious material.
CS is the waste from the hydrolysis of calcium carbide used in the formation of acetylene gas, with CaO and Ca(OH)2 as its main components. The main reaction for its formation is: CaC2+ 2H2O→ C2H2↑+ Ca(OH)2 [2] . As industry develops, the production of CS increases every year. These large quantities of CS, if untreated, produce irritating odors and atmospheric pollution. The long-term accumulation of CS consumes large areas of land, and also has a severe corrosive effect on soil. In addition, by entering the water system, CS can also clog rivers [3] [4] [5] . FA is the fine ash collected from the burning of coal. It can be activated under alkaline conditions to produce a material similar to volcano ash [6] . Blast-furnace-slag (BFS) is formed by the cooling of molten-iron slag by water and has water-binding potential. Flue-gas desulfurization gypsum (FGD gypsum) is the industrial by-product produced during the recollection of SO2 from coal burning or oil fumes by lime or limestone, with its main component being CaSO4•2H2O. Over the years, China has invested heavily in solving these waste problems, with few satisfactory results to date. The effective utilization of this solid industrial waste is an issue of serious concern in China.
and FA-stabilized silt improved with increased curing time. Fan et al. [2] used CS as the main material for the preparation of aerated concrete, which exhibited a compressive strength of 2MPa. Yi et al. [9] used CS to activate BFS during the preparation of soft clay, and found that a CS content of 4% -6% gave the best soft-clay stability. Hao et al. [10] studied the influence of CS and FA on the compressive strength of a mixed cement paste through surface modification. It should be noted that in these studies cement clinker was added to the CS, FA or BFS, resulting in less-economical processes.
FA and BFS can generate water-binding materials in alkaline environments. The alkaline stimulants commonly used are: NaOH, Na2SiO3, and Na2SO4, among others. Guo et al. [11] used NaOH and Na2SiO3 to activate FA for the preparation of a composite binder, with a maximum compressive strength 80.0MPa achieved. Pavel et al. [12 ] prepared a geopolymer by activating FA in an alkaline environment. Nematollahi et al. [13] studied the preparation of a geopolymer by the joint activation of FA with Na2SiO3 and NaOH, and found that the best performance of the polymer was achieved at Na2SiO3/NaOH= 2.5. Criado et al. [14] studied the stimulation of FA by Na2SO4 in an alkaline environment, and found that the level of activation was affected to a large extent by the NaOH in the system, but did not offer an explanation. Yi et al. [15] studied the joint activation of BFS by CS, NaOH, Na2CO3 and Na2SiO3, and found that Na2SiO3 was most effective, while Na2CO3 was least effective. Marjanovi et al. [16] used Na2SiO3 and NaOH to activate FA and BFS, and found that the best activation was achieved when the mass ratio of alkali activators (SiO2/Na2O) was 1.0, at a concentration of 10%. Zhang et al. [17] studied the influence of NaOH, CaCl2, Na2SO4 and K2SO4 on the strength of FA-BFS cement using orthogonal testing, and found that combining the four stimulants had a positive effect on the strength of the cement. The effect of the stimulant was found to decrease in the order: Na2SO4> NaOH> CaCl2> K2SO4, but the authors did not suggest a mechanism for this observation. The above studies indicate that Na2SO4, Na2SiO3, CaCl2 and NaOH can effectively activate FA and BFS. However, little attention has been given to the addition of specific amounts of CS to Na2SO4, CaCl2, Na2SiO3 and NaOH in order to form an alkaline activating system that can be used on FA and BFS. The addition of CS serves to provide calcium to the cementitious system, as well as promoting the formation of OH -, which aids in the fragmentation of the acidic membranes on the FA and BFS-particle surfaces. With the continual consumption of Ca
2+
, and the reaction of Na + (from Na2SiO3 and Na2SO4) in the presence of OH -, the dissolution of Ca(OH)2 in the CS was further enhanced. Theoretical analysis shows that this use of solid waste, such as CS, as the raw material for the preparation of filling materials for green mining applications, is feasible. The identification of the optimum proportions of Na2SO4, Na2SiO3, CaCl2 and NaOH, to best activate FA and BFS, and to improve the performance of cementitious material, is a current topic of discussion.
Based on the above discussion, we studied the activation of FA and BFS using CS with Na2SO4, Na2SiO3, CaCl2 and NaOH, without the addition of cement clinker, and determined the best ratio of stimulants by range and variance analyses. This paper also investigated the performance and hydration mechanisms of cementitious materials, and analyzed the composition of hydration products and their microstructures using XRD and SEM. The proposed method for the preparation of mine filling materials has the potential to consume large quantities of industrial waste such as CS, FA and BFS, and benefits the preparation and promotion of high-quality and low-cost mine filling materials.
II. EXPERIMENTAL

A. Raw Materials
CS was purchased from the Acetylene Gas Plant, Linzi, Shandong. FA, BFS, and FGD gypsum were purchased from the Shanshui Cement Co. Ltd., Binzhou, Shandong. Anhydrous CaCl2 (≥ 96.0%), anhydrous Na2SO4 (≥ 99.0% and Na2O/SiO2= 1.03±0.03) and NaOH (≥ 96.0%), as stimulators, were purchased from Kaitong Chemical Reagents Co. Ltd., Tianjin. Naphthalene-based superplasticizer (chloride ＜ 0.4%, sulfa ＜ 9%, solid content ≥ 93%) was purchased from Chenqi Chemical Technology Co. Ltd., Shanghai.
Preparation of raw materials:
The CS was calcined at 1000 °C for 30min. It contained 64.57% CaO and 25.19% Ca(OH)2, with a density of 2.64g/cm 3 and a specific surface area of 419m 2 /kg. The chemical composition of this material is listed in Table 1 , and the corresponding X-ray diffraction (XRD) pattern is depicted in Fig. 1a .
The FA had a density of 1.78g/cm 3 and a specific surface area 219m 2 /kg. The chemical composition of this material is listed in Table 1 , and the corresponding X-ray diffraction (XRD) pattern is depicted in Fig. 1b .
The BFS had a density of 2.88g/cm 3 and a specific surface area of 361m 2 /kg. The chemical composition of this material is listed in Table 1 , and the corresponding X-ray diffraction (XRD) pattern is depicted in Fig. 1c .
The FGD gypsum contained > 90% CaSO4•2H2O and was calcined at 180 °C for 2h in order to change its main component to semi-hydrated β-gypsum, with a density of 2.64g/cm 3 and a specific surface area of 269m 2 /kg, and the corresponding X-ray diffraction (XRD) pattern is depicted in Fig. 1d .
The river sand used was round silica sand containing no less than 98% SiO2. The particle size distribution is listed in Table 2 . Tap water was used for all experiments. 
B. Sample preparation
In this study, the influencing stimulators are: Na2SO4 (A), Na2SiO3 (B), CaCl2 (C) and NaOH (D), with levels as listed in Table 3 . The CS, stimulants, FA, FGD gypsum, BFS and superplasticizer were mixed to form composite cementitious materials according to the Table 4. Materials were weighed using an electronic balance (accuracy ± 0.01g) in accordance with the material ratios given in Table 4 ; the ratio of cementitious material: sand : water was 2: 8: 1. The materials were mixed evenly, placed into a mixer, and automatically mixed through the addition of water. Molding followed immediately, and the samples were numbered.
The samples were cured at a temperature of 20±2 °C and relative humidity of no less than 50% for 24h, after which they were removed from their molds. The samples were subjected to further curing in a curing chamber at 20±2 °C and relative humidity greater than 95%. After the specified ages were reached, the 7d and 28d strengths of the samples were tested. 
Consistency
The consistency of each cementitious material was determined using a SC-145 mortar consistency tester (Hensgrand, China). The prepared cementitious material was placed in the container. When the cone tip just touched the surface of the material, the cone was allowed to fall freely. The depth value determined from the scale on the cone provides the consistency of the cementitious material.
All
XRD analysis
Samples cured to the specified ages were surface decarbonized with a knife. Blocks of 2.5~5mm in size were removed from the interiors of these samples and placed into a mixture of ethanol and acetone to prevent hydration. The blocks were dried at 40 °C for about 48h, ground into fine powders and analyzed by XRD using a D/Max2400 polycrystalline X-ray diffractometer (Rigaku, Japan).
SEM analysis
Interior-sampled 2.5~5mm blocks, prepared as described in 2.3.4 (above), were placed in a vacuum drying tube at 740mmHg and a temperature of 60 °C, and dried to constant weight. The blocks were then gold plated under vacuum and cross-sectional morphologies were examined by SEM using a JSM-6380LV scanning electron microscope (JEOL, Japan).
III. EXPERIMENTAL
A. Experimental results and orthogonal analysis
The orthogonal test results are listed in Table 5 and show that different combinations of stimulants affect the strengths of the cementitious materials more than their consistencies and setting times. The 7d and 28d strengths of test block group 6, which used stimulants in a 1: 1: 0: 5 mass ratios of Na2SO4: Na2SiO3: CaCl2: NaOH, were the highest. From the range analysis data in Fig. 2 , the influence of each factor on the consistencies of the cementitious materials follows the order: A> B> C> D, which indicates that the Na2SO4 content has the greatest impact on consistency. The influence of each factor on the initial setting times of the cementitious materials follows the order: D> B> C> A, which means that the NaOH content has the greatest impact. From the variance analysis data presented in Table 6 , the Fj values for Na2SO4, Na2SiO3, CaCl2 and NaOH are less than the respective F values. Given that the null hypothesis is rejected at a specified test level of 5%, we conclude that these stimulants have no significant influence on the consistencies and initial setting times of these cementitious material. The range analysis data are given in Fig. 3 and show that the influence of each factor on the 7d strengths of the cementitious materials follows the order: D> C> A> B. From the variance data in Table 6 , Fj(NaOH)> F, Fj(CaCl2)> F for the 7d strengths, which implies that the NaOH content has the greatest influence on the 7d strengths of these materials, followed by the CaCl2 content. The strengths of the cementitious materials increase with increasing NaOH content, and decrease with increasing CaCl2 content. This is the result of the addition of NaOH to the cementitious system; the OH -destroys the acidic membrane at the surface of FA and BFS particles (Fi. 4). The Si-O and Al-O bonds of the acidic membranes are cleaved to form unsaturated bonds [11, 18] , leading to increases in the degrees of freedom of the silica [SiO4] 4-and alumina [AlO4] 4-tetrahedra. The equations for these reactions are:
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As a consequence, the degree of polymerization of the Si-O-Al network decreases, with unsaturated bonds forming at the surfaces, and free SiO2 and Al2O3released. The damage caused by NaOH to the vitreous surfaces is given by:
The -Si-ONa produced in the above reactions is soluble in water; subsequent exchange of Ca 2+ for Na + leads to the C-S-H. Due to the depletion of Ca 2+ , the Ca(OH)2 produced by the CS and water continues to provide Ca 2+ to replace Na + , and the above process continues through a positive cycle. Consequently, the more NaOH added, the greaterthe activating effect it has on FA and BFS.
When CaCl2 is added to the cementitious system the concentration of Ca 2+ increases, inhibiting the dissociation of Ca(OH)2 in the calcium CS and correspondingly reducing the concentration of OH -in the system. Free Cl -, from CaCl2, is strongly penetrating and passes through the hydration shells of the FA and BFS particles, reacting with the active Al2O3 in the interiors of the particles to form calcium aluminate hydrate, as described by formula (5).
The calcium aluminate hydrate formed in this manner increases the osmotic pressure across these hydration shells, leading to shell rupture; the hydration products formed in this manner weaken the material and reduce its compactness. 
From the range analysis data listed in Fig. 5 , the influence of each factor on the 28d flexural and compressive strengths of the cementitious materials follows the order: D> C> B> A and D> C> A> B, respectively, indicating that the NaOH content has the greatest impact, followed by CaCl2. From the variance data in Table 9 , Fj(NaOH)> F and Fj(CaCl2)> F for the 28d compressive strengths. The null hypothesis is accepted at a specified test level above 5%, therefore, these influences are significant. The Fj of Na2SO4 and Na2SiO3 are all less than F. Since the null hypothesis is rejected at a specified test level below 5%, we conclude that the effects of these factors are not significant. For the 28d flexural strengths, only Fj(NaOH)> F, indicating that NaOH has a significant influence on the strengths of the cementitious materials. As the reaction continues, the Al2O3 and SiO2 released under the action of NaOH reacts with Ca(OH)2 to form C-S-H and C-A-H in formula (6)- (8).
The C-S-H and C-A-H can bond with each other to fill the pores of the cementitious system. With the passage of time, the strength of the cementitious system increases. Fig. 6 shows the XRD diffraction patterns of sample group 6 at 7d and 28d. The XRD spectrum at 7d exhibits strong diffraction peaks for Ca(OH)2 associated with the cementitious material, quartz (SiO2) from the FA, mullite crystals (C5(S6O18H2· 8H2O)), and the hydration product of AFt. There are also peaks corresponding to small amounts of C-A-H and C-S-H. The AFt formed by hydration, C-A-H and C-S-H interact and bond, giving the cementitious material its initial strength. With the passage of time, at 28d, Ca(OH)2, quartz and mullite gradually become involved in hydration reactions, as evidenced by the weakening of their diffraction peaks. Correspondingly, the peaks for FAt, C-A-H and C-S-H become stronger. The FAt crystals stack on top of each another to form a 3-D network. The C-A-H and C-S-H bond and fill pores [19] , resulting in a stronger and more compact cementitious material. 7 shows the SEM images of sample groups 6 and 7 at 7d and 28d. FA particles with bare, smooth surfaces can be seen in Fig. 2(a) . The surface appears to be only slightly corroded, with small amounts of active substances having dissolved out of the material and involved in hydration reactions. The hydration products appear to be weakly bonded to their surroundings, and their interiors do not appear to be compact, with large spaces visible. Fig. 2(b) clearly shows that the exposed surfaces of the FA particles are more seriously corroded than those in Fig. 2(a) . Large amounts of active substances have dissolved out of the material and have participated in hydration reactions. The hydration products appear bonded to the surfaces of the FA particles, and their interiors seem relatively compact. Sheets of Ca(OH)2 crystals are visible after 7 d (Fig. 2(c) and (d) ), and C-S-H gel, needle-shaped AFt and unhydrated FA particles are present in the hydration products [20, 21] . Large amounts of unreacted Ca(OH)2 crystal sheets are evident in Fig. 2(c) , and far less needle-shaped AFt is observed in Fig.  2(d) , rather the AFt is arranged in a crisscross fashion to form a relatively stable 3-D structure, which greatly enhances the initial strength of the samples. Fig. 2 (e) and (f) show that after 28d of hydration, the surfaces of the FA particles have become severely corroded. The main hydration products are C-S-H gel sludge and needle-shaped AFt [22] . The degree of hydration appears to be high. Large amounts of hydration product appear to be bonded together to form a 3-D network. After 7d, the pores appear to be filled with hydration products, but the overall structure in Fig. 2 (f) appears to be more compact than that depicted in Fig. 2(e) [23] [24] [25] [26] . These difference in the microstructures of the cementitious materials clearly resulted in different strengths. 
B. XRD and SEM analyses
IV. CONCLUSIONS
CS is a significant solid waste and its reuse as a mine fill material is an important objective for environmental protection. Consequently, exploring new ways of utilizing CS is important. In order to analyze the effects of different combinations of NaOH, CaCl2, Na2SO4 and Na2SiO3 on the properties of CS cementitious materials, we studied the influence of these additives on the consistencies, setting times and strengths, through orthogonal testing, and observed the microstructures of the cementitious materials at different ages using XRD and SEM.
In summary, range analyses reveal that the stimulators in this study influence the consistencies of these cementitious materials in the order: Na2SO4> Na2SiO3> CaCl2> NaOH, while their influence on initial setting times follows: NaOH> Na2SiO3> CaCl2> Na2SO4. Variance analyses indicate that these stimulators do not significantly influence consistenciesor initial setting times of these cementitious materials.
Range and variance analyses reveal that these stimulators influence the strengths of these cementitious materials in the order: NaOH> CaCl2> Na2SO4> Na2SiO3. Through the analysis of 7d and 28d strengths, a 1:1:0:5 mass ratio of Na2SO4: Na2SiO3: CaCl2: NaOH was found to have the best activating effect.
Through XRD and SEM analyses, the hydration products at 7d were found to contain small amounts of AFt, C-A-H and C-S-H, and large amounts of unreacted Ca(OH)2. The AFt, C-A-H and C-S-H content was higher in the hydration products at 28d, with the amount of Ca(OH)2 significantly reduced. The microstructures were consistent with macroscopic strength.
